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Quantum voltage oscillations observed on segments of an inhomogeneous
superconducting loop
S. V. Dubonos, V. I. Kuznetsov, and A. V. Nikulov
Institute of Microelectronics Technology and High Purity Materials, Russian Academy of Sciences, 142432 Chernogolovka,
Moscow District, RUSSIA
The theoretical prediction published in Phys.Rev. B 64, 012505 (2001) is verified. In accordance
with this prediction a dc voltage oscillating with magnetic field is observed on segments of an inho-
mogeneous loop in the temperature region close to the superconducting transition. The temperature
dependence of the amplitude of the voltage oscillation implies that a transformation of the energy
of an external electrical noise to the dc power is observed.
PACS numbers: 74.20.De, 73.23.Ra, 64.70.-p
According to the universally recognized explanation [1]
of the Little-Parks (LP) experiment [2] the resistance os-
cillations are observed [3] because of the fluxoid quanti-
zation [2,4]. Because of the quantization
∮
l
dlvs =
pih¯
m
(n−
Φ
Φ0
) (1)
the circulation of the velocity of superconducting pairs vs
can not be equal zero when the magnetic flux Φ contained
within a loop is not divisible by the flux quantum Φ0 =
pih¯c/e [1]. Therefore the energy of superconducting state
increases and as consequence the Tc decreases when Φ 6=
nΦ0, ∆Tc ∝ −v
2
s ∝ −(n − Φ/Φ0)
2 [1]. The resistance
increases at Φ 6= nΦ0 because of the Tc decrease: ∆R =
−(dR(T − Tc)/dT )∆Tc ∝ (dR/dT )v
2
s [1].
Without any external current the vs value is propor-
tional to the superconducting screening current vs ∝
Isc = sjsc = s2ensvs = s2e < n
−1
s >
−1 (pih¯/ml)(n −
Φ/Φ0). The spatial average < n
−1
s >= l
−1
∮
l
dln−1s of
the value n−1s inverse of the density of superconducting
pairs ns is handy to use because the Isc value should
be constant along the loop in the stationary state. The
magnetic flux LIsc induced by the screening current Isc is
small LIsc ≪ Φ0 at T ≃ Tc (when the ns value is small)
and therefore Φ = BS + LIsc ≃ BS [1]. Here B is the
magnetic induction induced by an external magnet; S is
the area of the loop.
Because of the thermal fluctuation the < n−1s >
−1 and
Isc values oscillate strongly in time at T ≈ Tc. The n
can be also an random integer number but in the major-
ity of cases this integer number is corresponded to min-
imum possible value v2s ∝ (n − Φ/Φ0)
2. Therefore the
time average (n− Φ/Φ0) = t
−1
long
∫
tlong
dt(n − Φ/Φ0) ≃
(n−Φ/Φ0)min when Φ is not close to (n+0.5)Φ0. This is
corroborated by the comparison of the theoretical depen-
dence ∆Tc ∝ −(n− Φ/Φ0)
2
min [1] with the experimental
data for ∆Tc(Φ) (see for example Fig.4 in [3]).
Thus, according to the LP experiment the persistent
current
Ip.c. = Isc ≈ s2e< n
−1
s >−1
pih¯
ml
(n−
Φ
Φ0
)min (2)
i.e. a current with a direct component Isc =
t−1long
∫
tlong
dtIsc flows along the loop at a constant mag-
netic flux, Φ 6= nΦ0 and Φ 6= (n+ 0.5)Φ0, and a nonzero
resistance along the loop Rl > 0 in spite of the Ohm’s
law RlIsc =
∮
l
dlE = −(1/c)dΦ/dt.
In order to explain the existance of the persistent cur-
rent at zero Faraday’s voltage and nonzero resistance the
quantum force is proposed to introduce in the paper [5].
It is predicted also in [5] that not only the persistent cur-
rent but also a persistent voltage can be observed on seg-
ments of an inhomogeneous superconducting loop. The
value and sign of the persistent voltage as well as of the
persistent current should depend in a periodic way on
a magnetic flux Φ. Such voltage oscillations Vos(Φ/Φ0)
without any external current was predicted first in [6].
These oscillations can be observed in the temperature
region close to Tc [5,6].
The possibility of the persistent voltage predicted in
[5] is obvious from the analogy with a conventional inho-
mogeneous loop with a current Isc induced by Faraday’s
voltage Isc = R
−1
l
∮
l
dlE = −(1/Rlc)dΦ/dt. According
to the Ohm’s law ρjsc = E = − ▽ V − (1/c)dA/dt =
−▽ V − (1/cl)dΦ/dt the potential difference
V = (< ρ >ls − < ρ >l)lsjsc (3)
should be observed on a segment ls of an inhomogeneous
loop at jsc 6= 0 if the average resistivity along this seg-
ment < ρ >ls=
∫
ls
dlρ/ls differs from the one along the
loop < ρ >l=
∮
l
dlρ/l.
The object of the present work is an experimental ver-
ification of the theoretical prediction [5] and of the anal-
ogy with a conventional loop. According to both the
prediction [5] and the analogy (3) the voltage oscillations
Vos(Φ/Φ0) without any external current can be observed
in a inhomogeneous loop where < ρ >ls − < ρ >l 6= 0
and should not observed in a homogeneous one where
< ρ >ls − < ρ >l= 0. In order to investigate the influ-
ence of the heterogeneity of loop segments we made both
symmetrical and asymmetric loops in each investigated
structure (see Fig.1). Because of the additional potential
contacts V3 the higher and lower segments of the lower
loop (on Fig.1) can have a different resistance at T ≃ Tc
when Φ 6= nΦ0, whereas the upper and lower segments
of the higher loop should have the same resistance if any
1
accidental heterogeneity is absent.
We used the mesoscopic Al structures, one of them
is shown on Fig.1. These microstructures are prepared
using an electron lithograph developed on the basis of
a JEOL-840A electron scanning microscop. An electron
beam of the lithograph was controlled by a PC, equipped
with a software package for proximity effect correction
”PROXY”. The exposition was made at 25 kV and 30
pA. The resist was developed in MIBK: IPA = 1: 5,
followed by the thermal deposition of a high-purity Al
film 60 nm and lift-off in acetone. The substrates are
Si wafers. The measurements are performed in a stan-
dard helium-4 cryostat allowing us to vary the tempera-
ture down to 1.22 K. The applied perpendicular magnetic
field, which is produced by a superconducting coil, never
exceeded 35 Oe. The voltage variations down to 0.05 µV
could be detected. In order to diminish an influence of
an external electric noise resistances were used as cold
filters.
FIG. 1. An electron micrograph one of the aluminum loop
samples. I1 and V1 are the current and potential contacts of
the symmetrical loop. I2 and V2 are the current and poten-
tial contacts of the asymmetric loop. V3 are the additional
potential contacts of the asymmetric loop.
We have investigated the dependencies of the dc volt-
age V on the magnetic flux Φ ≈ BS of some round loops
with a diameter 2r = 1, 2 and 4 µm and a linewidth w
= 0.2 and 0.4 µm at the dc measuring current Im and
different temperature close to Tc. The sheet resistance of
the loops was equal approximately 0.5 Ω/⋄ at 4.2 K, the
resistance ratio R(300K)/R(4.2K) ≈ 2 and the midpoint
of the superconducting resistive transition Tc ≈ 1.24 K.
All loops exhibited the anomalous features of the resistive
dependencies on temperature and magnetic field which
was before observed on mesoscopic Al structures in some
works [3,7].
The results of our measurements Fig.2-4 corroborate
the theoretical prediction [5] and the analogy with a con-
ventional loop (3). We observe the conventional LP os-
cillations of the resistance [2] at the symmetrical loops
Fig.2. This result repeats the observations made before
in many works and is not new result. In accordance with
the prediction [5] and the analogy with a conventional
loop (3) the voltage measured at the V1 contacts equals
zero at the measuring current Im = 0 and the oscillations
with the amplitude ∆V ≈ ∆Rm(Φ/Φ0, T/Tc(Im))Im are
observed only at Im 6= 0 Fig.2. The LP oscillations
are observed against a background of an anomalous be-
haviour, the downfall before the disappearance of the LP
oscillation Fig.2. Such anomalies were observed also on
other our loops and in other works [7].
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FIG. 2. The voltage oscillations measured on the V1 con-
tacts of the symmetrical loop with 2r = 4 µm and w =
0.2 µm at different Im values between the I1 contacts: 1 -
Im = 0.000 µA; 2 - Im = 1.83 µA; 3 - Im = 2.10 µA; 4
- Im = 2.66 µA; 5 - Im = 3.01 µA. T = 1.231K is corre-
sponded to the bottom of the resistive transition
In contrast to the symmetrical loops we observe new
phenomenon, which was not published before anywhere,
at the voltage measurement on the contacts V2 and V3
of the asymmetric loop. We observe no resistance but
voltage oscillations: V ≈ Vos(Φ/Φ0) + RnosIm Figs.3,4.
The greatest amplitude ∆V of the voltage oscillations are
observed at Im = 0 and the ∆V value does not increase
with the Im Fig.3 in contrast to the symmetrical loop
Fig.2. The voltage oscillations at a high Im are observed
against a background of an anomalous behaviour, the
negative magnetoresistance Rnos Fig.3, like qualitatively
the one observed in the symmetrical loop Fig.2.
The voltage oscillations Vos(Φ/Φ0) observed at Im = 0
Figs.3,4 correspond with the LP experiment (2) and the
analogy with a conventional loop (3). According to (2)
2
and (3)
Vos(
Φ
Φ0
) = (< ρ >ls − < ρ >l)lsjp.c.(
Φ
Φ0
) (4)
should be observed when loop segments have different
resistivity < ρ >ls 6=< ρ >l. The relation (4) describes
enough well the voltage oscillations observed at Im = 0
Figs.3,4. The Vos(Φ/Φ0) oscillations Figs.3,4 and the LP
oscillations Fig.2 have the same period and are observed
in the same temperature region near Tc where jp.c. 6= 0
and < ρ >l= Rl/l > 0. The magnetic field regions,
where they are observed, are also close. The oscillations
on Fig.2 are observed in more wide magnetic field region
than on Figs.3,4 because the width of the wire defining
the loop in the first case w = 0.2 µm is smaller than in
the second case w = 0.4 µm. In any real case only some
oscillations are observed because a high magnetic field
breaks down the superconductivity, i.e Ip.c., in the wire
defining the loop. According to (1) vs = (pih¯/m)Br/2
along the loop and vs = (pih¯/m)Bw/2 along the bound-
aries of the wire at n = 0. Therefore a limited number
of oscillations ∝ 2r/w are observed.
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FIG. 3. The voltage oscillation measured on the V2 con-
tacts of the asymmetric loop with 2r = 4 µm and w = 0.4 µm
at different value of the measuring current between the I2 con-
tacts: 1 - Im = 0.000 µA; 2 - Im = 0.29 µA; 3 - Im = 0.65 µA;
4 - Im = 0.93 µA; 5 - Im = 1.29 µA; 6 - Im = 1.79 µA; 7
- Im = 2.06 µA; 8 - Im = 2.82 µA; 9 - Im = 3.34 µA; 10 -
Im = 3.85 µA. T = 1.231K is corresponded to the bottom of
the resistive transition
According to (4) the amplitude of the voltage oscilla-
tions ∆V is proportional to the lengths of the segment
ls. The ∆V values observed between V3 and between V2
differ approximately in 6 times Fig.4 whereas the ls val-
ues between these contacts differ in 3 times only. This
means that the (< ρ >ls − < ρ >l) value in the first
case is smaller than in the second. Such difference ought
be expected because both additional and main contacts
should influence on superconducting state of loop seg-
ments.
Using the analogy with a conventional loop (4) we
can evaluate the lower limit of the persistent current
Ip.c. = sjp.c. inducing the voltage oscillations with the
amplitude ∆V ≈ 1 µV observed on the V2 contacts
Figs.3,4. According to (4) Vos = 0.5(Rhs − Rls)Ip.c. on
these contacts, where Rhs and Rls are the resistances of
the higher and lower segments at the temperature of mea-
surement. Because 0 < Rhs, Rls < Rsn the Ip.c. value
should exceed 2Vos/Rsn, where Rsn is the resistance
of the higher and lower segments in the normal state.
The oscillations Figs.3,4 are observed on segment with
Rsn ≃ 5 Ω. Consequently the amplitude of the persistent
current (2) inducing these oscillations ∆Ip.c. ≥ 0.4 µA.
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FIG. 4. Oscillation of the voltage measured on the V2 con-
tacts (upper curve) and on the V3 contacts (lower curve) of
the asymmetric loop with 2r = 4 µm and w = 0.4 µm. Im = 0.
T = 1.231K corresponded to the bottom of the resistive tran-
sition.
We can also evaluate in order of value the persistent
current inducing the LP oscillations Fig.2. The persistent
current at Φ = (n + 0.5)Φ0 induces a resistance change
which equals in order of value the one induced by an
increase of the measuring current ∆Im ≈ 0.5 µA Fig.2.
One should assume that ∆Rm/∆Im and ∆Rm/∆Ip.c. are
close in order of value. According to this estimation the
persistent current inducing the LP oscillations Fig.2 can
induce the voltage oscillations at Im = 0 Figs.3,4.
Thus, the existance of the persistent current (2) and
the analogy with a conventional loop (3) allow to ex-
plain enough well the voltage oscillations observed at
Im = 0 Figs.3,4. But this does not mean that our re-
sult shown on Figs.3,4 is not new in essence. There is
an important difference between the conventional current
Isc = Rl(−1/c)dΦ/dt induced by the Faraday’s voltage
(−1/c)dΦ/dt and the persistent current at dΦ/dt = 0.
In the first case the current Isc and the electric field
3
E = − ▽ V − (1/c)dA/dt = −▽ V − (1/cl)dΦ/dt have
the same direction in all segments, i.e. each segment ls is
a load in which the power
∫
ls
dlIscE is dissipated. In the
second case the persistent current and the electric field
E = −▽V should have opposite directions in one of the
segments because
∫
l
dl▽ V ≡ 0, i.e. this segment is a dc
power source W = VosIp.c. at Vos 6= 0.
Already the classical LP experiment is evidence of the
dc power source because an energy dissipation with power
RlI
2
p.c. takes place at Rl > 0 and Ip.c. 6= 0. The conven-
tional current at Rl > 0 is maintained by the Faraday’s
voltage. In the case of the persistent current the Fara-
day’s voltage is substituted by the quantum force [5]. Ac-
cording to [5] the quantum force as well as the Faraday’s
voltage is distributed uniformly among the loop. This
theoretical result is corroborated by our observation of
the voltage oscillations Figs.3,4 described by the analogy
with a conventional loop (4).
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FIG. 5. The temperature dependence of the amplitude ∆V
of the voltage oscillations on the V2 contacts of the asymmet-
ric loop with 2r = 4 µm and w = 0.4 µm relatively of its
resistive transition R measured at Im = 1.5 µA.
According to [5] the voltage Figs.3,4 observed at Im =
0 is induced by a switching of the loop between supercon-
ducting states with different connectivity, i.e. between
the states with < n−1s >
−1= 0 and < n−1s >
−1 6= 0 and
its value is proportional to the average frequency of the
switching ∆V ∝ ωsw. This switching at T ≈ Tc can
be induced by both thermal fluctuations and an external
electric noise. Therefore the chaotic energy of thermal
fluctuations or an external electric noise is transformed
in the dc power W = VosIp.c. according to [5] .
The amplitude ∆V of the voltage oscillation induced
by thermal fluctuations should have a maximum value
near Tc because the frequency ωsw of the switching in-
duced by the fluctuations is maximum near Tc. We ob-
served the oscillations in the temperature region corre-
sponds to the bottom of the resistive transition Fig.5.
The amplitude ∆V of the oscillation increases with tem-
perature lowering down to the lowest temperature we
could reach, Fig.5. At higher temperature the sig-
nal/noise ratio is not adequate because of small ∆V
value.
The temperature dependence ∆V (T ) Fig.5 shows that
the voltage oscillations Fig3,4 are induced rather by a
high-frequency external electric noise. The frequency
ωsw of the switching induced by the electric noise can
faintly decrease with the temperature lowering and the
∆V value should increase because Ip.c. ∝ Tc − T .
We assume that the dc voltage induced by the fluctu-
ations is smaller than the value which we can detected.
The limit value of the power which can be induced by
the thermal fluctuations (kBT )
2/h¯ ≈ 10−12 Wt [5]. We
detected the power down to 10−14 Wt. But in our real
case the power induced by the fluctuations can be much
lower than the theoretical limit and lower than we can
detected. We observed in some samples voltage oscilla-
tions at the temperature corresponded to the top of the
resistive transition where any electric noise should not
influence on the voltage value. But this observation can
not be considered as an evidence of the power induced
by the fluctuation because it is no enough reliable.
Although our experimental resources did not allow to
detect the dc voltage induced by thermal fluctuations
our result is new in essence. It can not be explained
by conventional rectification of an external electric noise
which was observed in superconductors. Such rectifica-
tion is explained by an asymmetry of the sample but it
can not explain the voltage oscillations Figs.3,4. Only
reasonable and natural explanation of these oscillations
is the relation (4) followed from [5]. In this relation
jp.c. ∝ (n − Φ/Φ0)min because of the quantization and
< ρ >ls> 0 because of reiterated switching of ls in the
state with ρ > 0.
In conclusion, we have observed voltage oscillations
measured on segments of an inhomogeneous loop at zero
external direct current. This result corroborates the the-
oretical prediction [5] according to which such voltage
oscillations can be induced by thermal fluctuations or an
external electric noise. We can detect the dc voltage in-
duced only by an external electric noise.
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